The pressure behavior of horizontal wells in dual-porosity, dual-permeability naturally-fractured reservoirs is presented. The proposed equation is obtained by double Fourier transformation and Laplace transformation. The results calculated for combinations of various dimensionless characterizing parameters, including the permeability ratio between matrix and fracture systems, have revealed the unique behavior of naturally fractured reservoirs when the flow state within the matrix blocks is taken into account. It is concluded that, for the flow within matrix blocks will weaken the essential nature of fluid flow through a dual-porosity, single permeability medium revealed by Warren-Root model. This paper also presents the application of "Tiab's Direct Synthesis" technique to horizontal wells in an infinite-acting dual-porosity, dualpermeability naturally-fractured reservoirs with pseudosteady state interporosity flow.
INTRODUCTION
The pressure behavior of naturally fractured reservoirs (NFRs) is usually studied using Warren and Root (1963) simplified model neglecting the flow of fluids in the matrix blocks. This simplification generally yields satisfactory results because the matrix permeability is usually much less than that of the fracture system in a naturally fractured reservoir. However, in order to determine the limits of validity of Warren and Root's solution and to study the behavior of a naturally fractured reservoir in which the contrast between the permeability of matrix system and that of fracture system is not significant, the more general Barenblatt-Zheltov-Kochina (1960) model is typically used in the literature. But the analytical solutions to this model which were obtained by numerical analysis or numerical inversion are very complex and inconvenient to use (Chen and Jiang, 1980) . Horizontal wells have been proven to be an effective means of producing hydrocarbons from naturally fractured reservoirs. Extension of horizontal well solutions to naturally fractured reservoirs was originally developed by Rosa and Carvalho (1988) using instantaneous source functions. They developed a relationship to determine the naturally fractured, dual-porosity solution in terms of the pressure derivatives in Laplace space. Aguilera and Ng (1991) applied the transform method developed by Goode and Thambynayagam to drawdown and buildup tests in naturally fractured reservoirs. Their solutions led to the identification of six flow periods, some of which may be dominated by natural fractures.
To the best of our knowledge, all pressure drawdown and buildup equations for horizontal wells in NFRs are based on Warren and Root model, which is a dual-porosity, single permeability model (see Figure-1 ). This study presents an analytical solution for horizontal wells pressure transient equation in dual-porosity, dualpermeability NFRs. The proposed equation is obtained by double Fourier transformation and Laplace transformation. The results calculated for combinations of various dimensionless characterizing parameters, including the permeability ratio between matrix and fracture systems, have revealed the unique behavior of naturally fractured reservoirs when the flow state within the matrix blocks is taken into account.
Early techniques for interpreting horizontal wells pressure transient tests in NFRs include conventional semi-log and log-log type curve methods. Both methods are accurate provided certain criteria are established. That is, all flow regimes must be observed in the pressure and pressure derivative curve over a sufficient period of time. In NFRs, all flow regimes are rarely observed from pressure data, thus type curve method will have a nonuniqueness problem and semilog analysis will be incomplete. Compound this problem with masking effect of wellbore storage and analysis becomes suspect.
Therefore, it is proposed to use an alternative method referred to as " Tiab's Direct Synthesis" (TDS) . This method utilizes the characteristic intersection points, slopes, and times of various straight lines from a log-log plot of pressure and pressure derivative data. Values of these points are linked directly to the exact, analytical solutions to obtain reservoir and well parameters.
The TDS method has been successfully applied to uniform flux and infinite conductivity vertical fracture models (Tiab, 1989) , to vertically fractured wells in closed systems (Tiab, 1994) , to homogeneous reservoirs with skin and wellbore storage (Tiab, 1995) , to vertical wells and horizontal wells in naturally fractured reservoirs , and to horizontal wells in anisotropic media . This study also presents the application of TDS to horizontal wells in an infinite acting dual-porosity, dualpermeability NFR with pseudosteady state interporosity flow. New analytical and empirical expressions are developed as a result of this study. Natural fracture parameters can be determined from the minimum coordinates of the pressure derivative curve. Figure-2 is a schematic of a horizontal well. A horizontal well of length L is parallel to x direction. The following assumptions are made:
MATHEMATICAL FORMULATION
1) The dual-porosity, dual-permeability naturally fractured reservoir is horizontal, and has constant matrix and fracture permeabilities, thickness, and porosity. Both the matrix system and the fracture system are homogeneous and isotropic. 2) The reservoir has infinite lateral extension, i.e., the boundaries of the reservoir in the horizontal directions are so far away that the pressure disturbance does not travel far enough to reach the boundaries during the well production.
3) The reservoir pressure is initially constant; the initial pressure is uniform throughout the reservoir. The pressure remains constant and equal to the initial value at an infinite distance from the well. The reservoir is bounded by top and bottom impermeable formations. 4) The production occurs through a horizontal well of radius RW, represented in the model by a uniform line sink located at a distance Zw from the lower boundary, and the length of the well is L. And the thickness of the formation is small compared to the length of the horizontal well. 5) A single-phase fluid, of small and constant compressibility, C, constant viscosity, µ, and formation volume factor, B, flows from the reservoir to the well. Fluid properties are independent of pressure. Constant flow rate is applied. 6) Pseudo-steady state interporosity flow occurs between the matrix blocks and fractures, both the fracture system and matrix blocks can feed the horizontal wellbore (see Figure-3 ). 7) Wellbore storage and gravity effects are ignored.
Equations for initial and boundary conditions
As Figure-2 shows, the horizontal well is a uniform line sink in three dimensional space, the coordinates of the two ends are (0, 0, Zw) and (L, 0, Zw).
The drainage domain is:
The reservoir has infinite lateral extension i.e., the reservoir has the following outer boundary condition:
Where Pini is the initial pressure throughout the reservoir, subscripts 1 and 2 denote the matrix block system and the fracture system, respectively. Upper and lower reservoir boundaries are impermeable,
Using continuum mechanics, the medium and flow parameters of the two media, fractures and matrix, are defined at each mathematical point. The pressure equations for a single point sink are derived, then, using Principle of Superposition, the solutions for uniform line sink can be obtained.
Point sink solution
The system of equations for a point sink at (x', 0, Zw) in the dual-porosity, dual-permeability naturally fractured reservoir is, 
Define the ratio of matrix system permeability to fracture system permeability below:
And, Assume Qw is the total flow rate of the horizontal well, Q1 is the flow rate of matrix block system, Q2 is the flow rate of fracture system, then,
And assume
The storage capacity ratio,
The interporosity flow parameter,
Taking dimensionless transforms, Equations (6a) and (6b) are changed to
Taking the Laplace transform and double Fourier transform of Equations (13a) and (13b), using boundary conditions and initial condition, we obtain the point sink solution at (x'D, 0, Zw) below:
Where,
In the above equations,
Uniform line sink solution
Assume the horizontal well is a uniform line sink which is located between point at (0, 0, Zw) and point at (L, 0, Zw), the dimensionless line sink is located between point at (0, 0, Zw) and point at (LD, 0, ZwD), according to the Principle of Superposition, and recall Equation (4), the dimensionless pressure at the wellbore point at (xD, 0, ZwD) is
Using Mean Value Theorem there holds 
Combining Equations (19), (20), (21) and (22), the horizontal wellbore pressure can be obtained.
At very early time,
Where
At very late time, if , 10 , 25 . 0
Flow regimes
A number of different flow regimes can be found while analyzing transient-pressure responses in horizontal wells. One or more of these flow regimes could be missing or masked depending on the reservoir parameters.
As production starts, the pressure transient will move perpendicular to the wellbore, then radial flow is formed. This flow regime has been recognized as early time radial flow and its duration is very short when in thin reservoirs or high vertical permeability reservoirs.
Typically, there is a substantial storage volume associated with a horizontal wellbore which can have serious consequences on the effectiveness of a pressure transient test, even when the measurement tool is located below a downhole shut-in device. Kuchuk et al. (1990) noted that the storage effect in a horizontal well typically lasts longer than that for a vertical well in the same formation, because of (a) greater wellbore volume; (b) anisotropy reduces the effective permeability for a horizontal well. Daviau et al. (1985) showed that the first semilog straight line associated with early time radial flow almost always disappears because of the effects of wellbore storage. Thus, early time radial flow regime is not studied in this paper.
Often, the length of the horizontal well is much greater than the reservoir thickness, which contributes to the formation of the second primary flow regime. This is known as intermediate time linear flow regime and is developed when pressure disturbance reaches both the upper and lower boundaries of the reservoir.
In the absence of a constant-pressure source and no boundaries to horizontal flow over a reasonable distance, flow towards the horizontal wellbore becomes effectively radial in nature after a long enough time, with the horizontal plane acting somewhat like a point source, this flow regime, called late time radial flow regime. Between intermediate time linear flow regime and late time radial flow regime, there exists a transition period. As shown in Figure-2 , the reservoir has infinite lateral extension, there does not exist late time linear flow regime, pseudo-steady state cannot be reached and is not studied in this paper.
Dual-porosity, dual-permeability behavior
When dual-porosity, dual-permeability responses are plotted with the dimensionless pressure PD versus the dimensionless time tD, the curves are defined with D, , and . D and  define the contrast between matrix block system and fracture system,  defines the interaction between the two systems. Because pressure behavior is slightly affected by the vertical coordinate of center of the horizontal well, so we always assume zw = H/2, and the length of the horizontal well is much greater than the reservoir thickness, there holds L/H > 5. And we assume skin factor S=0 in the following discussions.
Figures-4 and 5 show the influence of permeability ratio D on bottomhole pressure drop. With increasing permeability ratio, the characteristic trough of pressure derivative on the log-log plot will become shallow, the intermediate segment of the semilog plot of pressure versus time will shorten. The intermediate segment almost vanishes with unity permeability ratio (D=1). On log-log derivative plot, straight lines with one half slope can be found for each value of D at early time, then intermediate time transition behavior establishes, the smaller D, the deeper the characteristic trough. At late time, the system reaches a homogeneous behavior characterizing the total permeability thickness, total storativity, pressure derivative reaches a constant with a value of 0.5. Figures-8, 9 and 10 show the influence of storativity ratio  and permeability ratio D on bottomhole pressure drops when  is specified. It can be found that if D and  are specified, the result of increasing  is similar to that of increasing D in a semilog plot. When  The pressure response exhibits linear flow when pressure transient reaches the upper and lower impermeable boundaries. Before this period can be fully developed, however, the matrix begins to contribute, significantly, to the fracture flow. Subsequently, the transition period becomes dominant and the minimum coordinates are observed. After the transition period, the late time, infinite-acting radial flow period is present; the reservoir reaches a homogeneous behavior characterizing the total producing system.
Horizontal Well in a Dual

TDS TECHNIQUE
Tiab's Direct Synthesis couples the characteristic points and lines of pressure and pressure derivative data with exact analytical solutions, resulting in estimates of reservoir parameters.
The enhanced resolution of the flow regimes from derivative curve results in accurate analysis of the flow regimes which is observed during the well test. The derivative follows the one-half slope straight line at early time, reaches a maximum, the drops below the 0.5 line in a transition, and finally reaches the 0.5 stabilization when radial flow in the equivalent homogeneous total system is reached. During the transition, the shape of the derivative valley is a function of the contrast of storativity and permeability between matrix system and fracture system. The pressure derivative response exhibits the characteristic trough with the associated minimum coordinates.
Empirical expressions are developed to determine the storage capacity ratio  from the ratio of the minimum to late time radial pressure derivative coordinates: 
where the subscripts r denotes the late time radial flow period. Table-1 . We introduce the following notations:
In oil field units, and only include mechanical skin factor, Equation (25) is expressed as 
On thePw vs. t 1/2 plot, we can obtain a straight line with a slope below:
And skin factor can be calculated by
Where Pw|t=0 is the pressure at t=0, obtained by extrapolating the straight line section back to this time. For the pressure derivative, there holds
In oil field units, and only consider mechanical skin factor, Equation (26b) is expressed as 2 70.6 ( ) { 1 . 4 2 3 l n (
If we use common log, then 2 162.6 ( ){0.618 log( ) ( )
On the semilog plot, we can obtain a straight line with a slope below:
Skin factor can be calculated by
From Equation (37a), we obtain 70.6 ( * ') 
Step by step procedure Case one:
All intermediate time linear flow, transition flow and late time radial flow regimes are observed.
Step-1: Identify the late time radial flow period represented by a constant derivative line and calculate the total permeability Kt from Equation (42), if D is given, solve Equations (7a) and (29a), then obtain K1 and K2.
Step-2: Calculate  from Equation (32a), if  is given, then solve Equation (24a) to estimate D. If D is given, Substitute Equation (24b) into Equation (24a), also solve Equation (24a) to estimate .
Step-3: Identify the intermediate time linear flow period represented by one-half slope derivative line, for verification purpose; calculate the total permeability Kt again from Equation (35).
Step-4: Identify the minimum pressure derivative coordinate and normalize with respect to the late time radial pressure derivative line. Substituting this ratio into Equation (28) results in an estimate for , and calculate  by Equation (27), however, these methods are less reliable and require more information to estimate  and .
Step-5: Select convenient points within welldefined horizontal well flow regimes on the pressure and pressure derivative curves. Substitute these points into Equations (33), (36), (40), (43) and solve for mechanical skin factor.
Case two:
Late time radial flow period is not observed.
Step-1: Calculate  from Equation (24a), assuming  and D are given.
Step-2: Identify the intermediate time linear flow period represented by one-half slope derivative line; calculate the total permeability Kt from Eq. (32b). Solve Equations (7a) and (29a), then obtain K1 and K2.
Step-3: Select a convenient point during intermediate time linear flow regime on the pressure and pressure derivative curves. Substitute this point into Equations (33) and (36), and solve for mechanical skin factor.
Case three
Intermediate time linear flow period is not observed.
Step-1: Identify the late time radial flow period represented by a constant derivative line and calculate the total permeability Kt from Eq. (42), or from the slope of the straight line on the semi-log plot, calculate Kt from Equation (39). If D is given, solve Equations (7a) and (29a), then obtain K1 and K2.
Step-2: Locate the minimum derivative point (assuming it is present), and normalize with respect to the late time radial pressure derivative line, then determine  and  by Equations (27) and (28), respectively.
Step-3: Select a convenient point during late time radial flow regime on the pressure and pressure derivative curves. Substitute this point into Equations (40) and (43), and solve for mechanical skin factor.
EXAMPLES
Example one
Only early time pressure drop data are available. Reservoir and well data are in Table-3 , pressure drop data are in Table-4 .
Solution:
This problem matches Case Two.
Step-1: From Pw vs. t (24a) and (24b) From log-log plot (see Figure-15 ), we obtain a one-half slope straight line, we choose Solution: This problem matches case three.
Example Two
Step-1: From semilog plot see Figure-16 
From log-log plot (see Figure-17 (27) and (28) (27) and (28) and the parameters in Table-1 and Table-2 are less reliable.
Step-3: From Figure 16 
